1. Introduction {#sec0005}
===============

For the last few decades, an excessive use of pesticides and fertilizers in agriculture has polluted soil to an alarming level. This results change in aeration of soil and its fertility which further leads to an imbalance between flora and fauna residing the soil \[[@bib0005],[@bib0010]\]. Soil is a complex mixture of minerals, organic matter and its flora and fauna. Therefore, the management of soil quality depends much on its fauna, being the main consumers and decomposers of soil ecosystem \[[@bib0015]\]. Earthworms are the excellent bioindicator for evaluating the health status of soil ecosystem. Earlier reports indicate that application of pesticides pose threat to their lives as they are exposed to pesticides contaminated soil \[[@bib0020]\]. They are much more susceptible and sensitive to the soil pollutants as compared to other soil inhabitants \[[@bib0025]\]. Therefore, earthworms are considered most suitable organisms for studying the impact of pesticides on their stress related biochemical parameters.

As pesticides of different chemical nature are applied simultaneously in agricultural field, earthworms get exposed to not only one group of pesticides but to their combination as well \[[@bib0030],[@bib0035]\]. Since the potential toxicity of pesticide in combination may alter and have impact variably \[[@bib0040]\], assessment of ecological risk of pesticides applied individually or in combination becomes more relevant for a soil inhabitant, earthworms.

In the present study, two groups of pesticides namely chlorpyrifos (50%) \[O, O-diethyl O-3, 5, 6-trichlor- 2-pyridyl phosphorothioate; CPF; PubChem CID: 2730\] (an organophosphate; OP) and cypermethrin (5%) \[RS-cyano (3 phenoxybenzyl) (1RS)-cis, trans-3--(2,2-dichlorovinyl)- 2,2-dimethylcyclopropane carboxylate; PubChem CID: 2912\] (a pyrethroid) and their combination \[chlorpyrifos (50%) + cypermethrin (5%)\] were selected for acute and sub-acute toxicity evaluation in earthworm. Both Chlorpyrifos and cypermethrin are broad-spectrum insecticides used to control agricultural pests and have been listed as pesticides of potential concern by the US National Oceanic and Atmospheric Administration \[[@bib0045],[@bib0050]\]. A variety of irreversible/reversible neurobehavioral and neurotoxic effects as well as physiological and morphological alterations have been reported in earthworms even at very low concentration of pesticide \[[@bib0055]\]. However, cypermethrin is more toxic regarding impact on physiological and morphological alterations as compared to neurobehavioral effect due to its stereochemistry and isomeric forms \[[@bib0060]\].

Studies on a number of oxidative stress biomarkers is of great importance as they exhibit alterations caused by pollutants in physiological health status of the organism. In terrestrial ecosystem, AChE inhibition in earthworm is regarded as an early warning of adverse effect of pesticides. However, impact of only a few pesticides has been studied in context to AChE on earthworms under both the laboratory and field conditions. Though most of the reports on such studies are available from southern part of India but are scanty from northern part of the country.

Reactive oxygen species (ROS) impedes the normal physiological functioning of cell in all living organisms. As ROSs mostly interact with all types of biomolecules and cells have ability to neutralize the numerous contaminants and endogenous metabolic byproducts mediating anti-oxidative enzymes such as superoxide dismutase (SOD), catalase (CAT) and glutathione -S- transferase (GST), a detoxifying enzyme \[[@bib0065],[@bib0070]\]. However, the increase in the level of ROS results into oxidative stress which in turn enhances lipid peroxidation causing the cellular damage and death of organisms \[[@bib0075], [@bib0080], [@bib0085]\]. Therefore, the aforementioned biomarkers such as SOD, CAT, GST and levels of LPO and GSH have been studied to evaluate the impact of contaminants on earthworms. Paper contact toxicity method (OECD guidelines, 207) \[[@bib0090]\] was applied to assess the impact of these pesticides in earthworm, *Eudrilus eugeniae* for evaluation of acute toxicity and biochemical changes.

2. Materials and methods {#sec0010}
========================

2.1. Chemicals {#sec0015}
--------------

Formula grade pesticides namely Bilbo (50% EC chlorpyrifos, Bharat Insecticides Limited, New Delhi, India), Bolt Super (25% EC cypermethrin, Pharma Agro Chemical, Haru Nagla, Bareilly, India) and Bilbo (50% EC chlorpyrifos + 5% EC cypermethrin, Bharat Insecticides Limited, New Delhi, India) were used for acute as well as subacute toxicological study. All the chemicals used in the present study such as Acetylthiocholine iodide (AtChI; PubChem CID: 74629), 5,5-dithiobis (2-nitrobenzoic acid; DTNB; PubChem CID: 6254), Bovine Serum Albumin; BSA (PubChem CID: 16132389), thiobarbituric acid (PubChem CID: 2723628), pyrogallol (PubChem CID: 1057), 1-chloro-2,4-dinitrobenzene; CDNB (PubChem CID: 6), hydrogen peroxide; H~2~O~2~ (PubChem CID: 784), reduced glutathione; GSH (PubChem CID: 124886), dichromate (PubChem CID: 24502), glacial acetic acid (PubChem CID: 176) and tris-HCl (PubChem CID: 129821084) for biochemical analyses, were of analytical grades and were procured from Sigma- Aldrich (St. Louis, USA) and Merck (Germany).

2.2. Animals and maintenance {#sec0020}
----------------------------

Earthworms, *Eudrilus eugeniae* \[[@bib0095]\] were procured from the School of Life Science, Charak Garden, Anupam Nagar Extn., Jiwaji University, Gwalior, Madhya Pradesh, 474001. They were carefully brought to laboratory along with mother culture and moist soil. Before experimentation, the earthworms were acclimatized for 15 days into rearing tank (95 × 55 × 75 cm^3^), containing 10 cm layer of uncontaminated cow dung with moist soil (1:1). A thin layer of leaves and dried moist grass were used for shade and moisture.

2.3. Determination of median lethal concentration (LC~50~) {#sec0025}
----------------------------------------------------------

The acute toxicity experiments were carried out by paper contact toxicity method for 48 h using filter paper method (Whatman filter paper no. 1, J. S. Enterprises, New Delhi) recommended by OECD Guideline-207, Organization for Economic Co-operation and Development; OECD, 1984) \[[@bib0090]\]. The filter paper was cut into 8 × 3 cm in diameter covering the sides of flat bottom glass vials of 8 cm in length and 3 cm in diameter without overlapping. The pesticides were dissolved in acetone (PubChem CID: 180) solvent for the preparation of different concentrations and were loaded on filter paper with 1 ml of solution. The vials were rotated for uniform distribution of the toxicant. The treated paper was allowed to dry by using a slow stream of compressed air. Control vials were also run in parallel with the pesticide solvent. Deionized water (1 ml) was used to moist the filter paper in each vial after drying. The well-developed clitellate adult worms (fasted 3 h, on moist filter paper) were selected, washed and dried for testing. The earthworms were randomly divided into groups of 10 each and they were exposed (one earthworm per vial) to different concentrations of pesticides for 48 h.

Thereafter, chlorpyrifos was added as per the following concentrations 0.0670, 0.0894, 0.1120, 0.1400, 0.1680, 0.1960 and 0.2240 μg/cm^2^ to respective vials. At an interval of 12 h, the filter paper was changed and different concentrations of chlorpyrifos were restored afresh as mentioned above. The solution of different concentrations of chlorpyrifos used in this study was prepared afresh. The earthworm kept into the carrier solvent medium served as a control since pesticides were solubilized in acetone. Similarly, the same procedure was followed for cypermethrin and their combination (chlorpyrifos + cypermethrin) exposure using following concentrations 0.0028, 0.0056, 0.0112, 0.0168, 0.0224, 0.0279, 0.0335, 0.0391 μg/cm^2^ for cypermethrin and 0.035, 0.045, 0.055, 0.065, 0.075, 0.085, 0.095, 0.100 μg/cm^2^ for combination, respectively. The test was performed for 48 h treatment period and the number of dead earthworms per group was recorded against the concentration for each pesticide in a tabular form. The 48 h LC~50~ value of pesticides were calculated using arithmetic method of Karber as adopted by Dede & Kaglo \[[@bib0100]\] and confidence interval was calculated by using computer program USEPA, 1993 (version 1.5) \[[@bib0105]\]. The morpho-behavioral changes were observed and photographed during experimentation.

2.4. Sample collection {#sec0030}
----------------------

Animals were sacrificed immediately after exposure to the 5% and 10% of LC~50~ doses of the pesticides. Tissues from pre-clitellar, clitellar and post-clitellar regions were collected and processed for biochemical study and protein estimation.

2.5. Assay of enzymes {#sec0035}
---------------------

### 2.5.1. Acetylcholinesterase (AChE) {#sec0040}

#### 2.5.1.1. Preparation of tissue homogenates {#sec0045}

Ten worms from each concentration in replicates along with control were chosen (n = 10). Among them four - six animals from each group (control, 5% and 10% of LC~50~ of both the pesticides) were randomly chosen and first three to five segments (above the pharynx, which consists of the paired supraesophageal ganglion or brain as pre-clitellar region), clitellar segments and post-clitellar regions were dissected for estimation of protein and assay of AChE activity. The tissues were weighed and homogenized (10%, w/v) in 50 mM sodium phosphate buffer (pH 8.0) containing 0.1% Triton X-100 (PubChem CID: 5590) using Potter--Elvehjam homogenizer fitted with a Teflon-coated pestle under ice cold condition. The homogenates were kept in cold with intermittent stirring and centrifuged at 4 °C for 30 min at 10,000 g in a refrigerated centrifuge (Model- 3K30 Sigma, St. Louis). The corresponding supernatants were used for the assay of AChE activity.

#### 2.5.1.2. AChE activity {#sec0050}

The activity of acetylcholinesterase (AChE, EC 3.1.1.7) was assessed by the method described by Ref. \[[@bib0110]\]. Measurements were made in triplicate for each tissue homogenate. Simultaneously, two blanks were also used. One blank contained phosphate buffer, DTNB, and ATI but not enzyme protein to determine the spontaneous hydrolysis of ATI, and the second blank contained phosphate buffer, DTNB, and enzyme protein but no substrate (ATI) to correct for any non-AChE-dependent formation of thionitrobenzoic acid (TNB). One unit of AChE activity was expressed as nmoles substrate hydrolyzed/min/mg protein under specified experimental conditions. The extinction coefficient of the yellow anion (1.36 × 10^4^ M^−1^ cm^−1^) was employed for calculating the enzyme activity

### 2.5.2. Superoxide dismutase (SOD) {#sec0055}

The activity of Superoxide Dismutase (SOD, EC 1.15.1.1) was assessed by the method described by Ref. \[[@bib0125]\]. The assay mixture for the enzyme contained 2 ml Tris-HCl buffer pH 8.2, 0.5 ml of 2 mM pyrogallol, aliquots of the enzyme preparation and water to give a final volume of 4 ml. The rate of inhibition of pyrogallol auto-oxidation after the addition of the enzyme was noted. The percentage inhibition in the auto-oxidation of pyrogallol in the presence of cell extract was converted to units of inhibition. The amount of enzyme required to give 50% inhibition of pyrogallol auto-oxidation is considered as 1 unit of enzyme activity. It is a spectrophotometric measurement of optical density of colored complex involving pyrogallol auto-oxidation at 412 nm for 3 min at the interval of 30 secs with or without the enzyme protein.

### 2.5.3. Catalase (CAT) {#sec0060}

The activity of catalase (EC 1.11.1.6) was assayed by the method of Ref. \[[@bib0130]\]. The assay mixture contained 0.5 ml H~2~O~2~, 1 ml buffer and 0.4 ml water, 0.1 ml of tissue extract was added to initiate the reaction. 2 ml dichromate-acetic acid reagent was added after 15, 30 45 and 60 secs, to arrest the reaction. To the control tube the enzyme was added after the addition of the dichromate-acetic acid reagent. The tubes were then heated for 10 min and allowed to cool. The green color developed was read at 570 nm.

### 2.5.4. Glutathione- S-Transferase (GST) {#sec0065}

This enzyme was assayed by the method of Ref. \[[@bib0135]\] with the extinction coefficient 9.6 mM^−1^. Reaction mixture contained 0.4 ml buffer, 0.1 ml tissue extract, 1.2 ml water and 0.1 ml CDNB were added and incubated in a water bath at 37 °C for 10 min. After incubation, 0.1 ml of reduced glutathione was added. The change in optical density was measured against a reagent blank at 340 nm at 30 seconds interval for initial 3 min. The GST activity was expressed as nM CDNB Conjugates/min/mg protein.

### 2.5.5. Estimation of Lipid peroxidation (LPO) {#sec0070}

#### 2.5.5.1. Preparation of cell-free extract {#sec0075}

The tissues were excised, rinsed in isotonic ice-cold NaCl (0.9%) solution, blotted dry, and weighed. A 10% (w/v) homogenate was prepared in phosphate buffer (100 mM, pH 7.4) containing 150 mM KCl. The homogenate was centrifuged at 9000 g for 30 min. The pellet was discarded and cell-free supernatant used for estimation of lipid peroxidation.

#### 2.5.5.2. LPO {#sec0080}

Lipid peroxidation (LPO) was determined in tissue homogenates by colorimetric estimation of malondialdehyde (MDA)/thiobarbituric acid reactive substances (TBARS) formed using the method of Ref. \[[@bib0115]\]. The results were expressed as nM MDA released/min/mg protein using the extinction coefficient of 1.56 × 10^5^ M ^−1^ cm^-1.^

### 2.5.6. Estimation of Reduced Glutathione (GSH) {#sec0085}

#### 2.5.6.1. Preparation of cell free extract {#sec0090}

The tissues were excised, rinsed in isotonic ice-cold NaCl (0.9%) solution, blotted dry,and weighed. A 10% (w/v) homogenate was prepared in phosphate buffer (100 mM, pH 7.4). The homogenate was centrifuged at 9000 g for 30 min. The pellet was discarded and cell-free supernatant used for estimation of reduced glutathione, GSH.

#### 2.5.6.2. GSH {#sec0095}

GSH was assayed by the method described by Ref. \[[@bib0120]\]. The reaction mixture contained sodium phosphate buffer (100 mM pH 7.4), DTNB (0.2 mM) and supernatant (S9). 1 ml of 10% (w/v) homogenate was taken and 1 ml of 5% TCA was added to it. The suspension was left for 30 min then it was centrifuged at 2500 rpm for 15 min. 0.5 ml of supernatant was taken and 2.5 ml of DTNB was added. The suspension was shaken thoroughly and read at 412 nm. The results were expressed as nmol per mg protein using respective formulae.

2.6. Determination of protein {#sec0100}
-----------------------------

Protein was estimated by method of Ref. \[[@bib0140]\]. Protein contents in supernatants of earthworm tissue homogenates were determined, using different concentrations of bovine serum albumin (BSA) as the standard.

2.7. Statistical analyses {#sec0105}
-------------------------

LC~50~ was calculated by Karber method as adopted by Dede & Kaglo \[[@bib0100]\] and 95% confidence limits were calculated by a computer program (USEPA, version 1.5) \[[@bib0105]\]. All data were represented as mean ± SEM (n = 30) and were analyzed by one-way analysis of variance (one-way ANOVA) on Microsoft Office Excel work sheet. Statistical significances of the differences among the treatments were calculated by use of one-way analysis of variance and covariance (ANOVA) and least significant difference test were performed using SPSS (version 16.0). The results were considered significant at p ≤ 0.05 and p ≤ 0.01 levels (confidence levels 95% and 99%, respectively). All experiments were repeated thrice and analyzed statistically in accordance to Ref. \[[@bib0145]\].

3. Results and discussion {#sec0110}
=========================

3.1. Acute toxicity determination (LC~50~) for chlorpyrifos, cypermethrin and their combination {#sec0115}
-----------------------------------------------------------------------------------------------

The earthworms in the control vial were healthy and normal and without any mortality during experimentation. In chlorpyrifos treated vials, no mortality was recorded at 0.0670 μg/cm^2^ concentration after 48 h exposure. However, the percent mortality was found to be 10%, 20%, 30%, 50%, 70% and 100% at 0.0894, 0.1120, 0.1400, 0.1680, 0.1960 and 0.2240 μg/cm^2^ concentrations, respectively. The LC~50~ of chlorpyrifos for *Eudrilus eugeniae* following 48 h exposure was found to be 0.165 μg/cm^2^ (confidence interval: 0.134- 0.186) ([Table 1](#tbl0005){ref-type="table"}). Similarly, earthworms were exposed to cypermethrin for 48 h and percent mortality for the same was recorded as 10%, 30%, 50%, 70%, 80%, 90% and 100% at concentrations 0.045, 0.055, 0.065, 0.075, 0.085, 0.095 and 0.100 μg/cm^2^, respectively. Accordingly, the LC~50~ for the cypermethrin was found to be 0.066 μg/cm^2^ (confidence interval: 0.056- 0.074) ([Table 2](#tbl0010){ref-type="table"}). When earthworms were exposed to a combination of CPF + cypermethrin, the percent mortality for 48 h exposure were recorded as 10%, 20%, 30%, 50%, 60%, 80% and 100% at 0.0056, 0.0112, 0.0168, 0.0224, 0.0279, 0.0335 and 0.0391 μg/cm^2^ concentrations, respectively. The LC~50~ value for combination of pesticide was found to be 0.020 μg/cm^2^ (confidence interval: 0.015- 0.025) ([Table 3](#tbl0015){ref-type="table"}).Table 1Lethal concentrations (LC~1--99~) of chlorpyrifos for earthworm, *Eudrilus eugeniae* (identified by well-defined clitellum, n = 10).Table 1LethalChlorpyrifos95% Confidence limitsConcentration(μg/cm^2^)LowerUpperLC~1~0.0950.0330.123LC~5~0.1120.0510.137LC~10~0.1220.0640.145LC~15~0.1290.0740.151LC~50~0.1650.1340.186LC~85~0.2110.1870.296LC~90~0.2230.1960.342LC~95~0.2430.2090.425LC~99~0.2860.2330.646Slope ± SEM9.74 ± 3.10Intercept ± SEM12.62 ± 2.37Χ^2^ value3.02P\<0.05[^1]Table 2Lethal concentrations (LC~1--99~) of cypermethrin for earthworm, *Eudrilus eugeniae* (identified by well-defined clitellum, n = 10).Table 2LethalCypermethrin95% Confidence limitsConcentration(μg/cm^2^)LowerUpperLC~1~0.0370.0190.048LC~5~0.0440.0270.054LC~10~0.0480.0320.057LC~15~0.0510.0350.060LC~50~0.0660.0560.074LC~85~0.0860.0770.104LC~90~0.0910.0820.115LC~95~0.1000.0880.135LC~99~0.1180.1000.185Slope ± SEM9.29 ± 2.28Intercept ± SEM15.94 ± 2.61Χ^2^ value1.48P\<0.05[^2]Table 3Lethal concentrations (LC~1--99~) of combined pesticide (chlorpyrifos + cypermethrin) for earthworm, *Eudrilus eugeniae* (identified by well-defined clitellum, n = 10).Table 3LethalCombination pesticide[a](#tblfn0005){ref-type="table-fn"}95% Confidence limitsConcentration(μg/cm^2^)LowerUpperLC~1~0.0040.0010.007LC~5~0.0060.0020.010LC~10~0.0080.0040.012LC~15~0.0100.0050.013LC~50~0.0200.0150.025LC~85~0.0400.0300.072LC~90~0.0470.0350.096LC~95~0.0610.0420.147LC~99~0.0970.0590.331Slope ± SEM3.35 ± 0.747Intercept ± SEM10.72 ± 1.27Χ^2^ value4.43P\<0.05[^3][^4]

Earthworms are considered as the ideal model for studying the soil contaminants. In soil ecosystem, mostly pesticides are present in the mixed form that may have either synergistic or antagonistic adverse impact on the health of earthworms \[[@bib0150], [@bib0155], [@bib0160]\]. There are plenty of reports available related to metal toxicity to these organisms. Information regarding the toxic impact of pesticides applied individually \[[@bib0165]\] is also available, however, studies on the impact of combination of pesticides are scanty mainly from India. Pesticides affect the earthworms adversely either through skin/dermal contact or by feeding the pesticide contaminated soil. Present study shows that paper contact toxicity of pesticides through skin of *Eudrilus eugeniae,* increases with the increase in pesticide concentrations. The LC~50~ value of chlorpyrifos and cypermethrin for 48 h treatment period in different species of earthworms have been reported as follows: For CPF, 3.2 μg/cm^2^ for *Eisenia fetida* \[[@bib0170]\], 14.19 μg/cm^2^ for *Eisenia fetida* \[[@bib0175]\] and for cypermethrin: 10.63 μg/cm^2^ for *Eisenia fetida* \[[@bib0175]\], 0.35 μg/cm^2^ for *Pheretima peguana* \[[@bib0180]\], 0.30 μg/cm^2^ for *Metaphire posthuma* and 3.84 μg/cm^2^ for *Eisenia fetida* \[[@bib0185]\]. While LC~50~ value for a combination of various pesticides in different earthworm species have been reported as follows: 6931.1 mg/ L of Butachlor + Chlorpyrifos mixture and 3699.3 mg/ L of Imidacloprid + Chlorpyrifos for *Eisenia fetida* \[[@bib0190]\], 35.06 mg/kg of Chlorpyrifos and cypermethrin mixture for *Eisenia fetida andrei* \[[@bib0195]\]. Almost similar observations have also been made by Refs. \[[@bib0200],[@bib0205],[@bib0155]\]. Increased percent mortality was observed in dose dependent manner in domestic hen exposed to combination of pesticides (chlorpyrifos + cypermethrin) \[[@bib0210]\].

3.2. Morphological study {#sec0120}
------------------------

. A varying degree of morphological changes like coiling, clitellar swelling, mucus release, and bleeding followed by segmentation of body were observed in chlorpyrifos treated earthworms with respect to its increasing concentrations. However, more prominent morphological changes for cypermethrin were recorded as compared to chlorpyrifos while effect of co- exposed pesticide on morphological changes was found intermediate ([Fig. 1](#fig0005){ref-type="fig"}). There were no morphological alterations observed in control group of earthworms during the experimentation.Fig. 1Morphological changes in earthworm *E. eugeniae* exposed to different concentrations of chlorpyrifos, cypermethrin and their combination (A--L). A: Control and B: 0.112 μg/cm^2^, C: 0.196 μg/cm^2^, D: 0.224 μg/cm^2^ concentrations of chlorpyrifos; E: Control and F: 0.0168 μg/cm^2^, G: 0.0279 μg/cm^2^, H: 0.0391 μg/cm^2^ concentrations of cypermethrin and I: Control and J: 0.055 μg/cm^2^ K: 0.075 μg/cm^2^ L: 0.095 μg/cm^2^ concentrations of their combination (chlorpyrifos + cypermethrin). WBC: Whole Body Coiling, BC: Body Constriction, FB: Fragmentation of Body, TB: Thinning of Body, CS: Clitellar Shrinkage, BC: Body coiling.Fig. 1

3.3. Impact of pesticides on enzyme activity (AChE, SOD, CAT and GST) and level of LPO & GSH {#sec0125}
--------------------------------------------------------------------------------------------

### 3.3.1. AChE activity {#sec0130}

Significant inhibition in the specific activity of AChE in different body segments (pre- clitellar, clitellar and post-clitellar) of earthworm exposed to chlorpyrifos, cypermethrin and their combination (chlorpyrifos + cypermethrin) were observed. Maximum inhibition in AChE activity was observed in 10% of LC~50~ of combination of pesticides in all the segments studied which was followed by chlorpyrifos and cypermethrin. Specific activity of AChE (nM ATI hydrolyzed/min/mg protein) in different body segments (Pre-Clitellar, Clitellar and Post-Clitellar) of earthworm upon pesticide- chlorpyrifos, cypermethrin and their combination exposure are shown in [Fig. 2](#fig0010){ref-type="fig"}. The decrease in the AChE activity was region wise and in dose dependent manner. The reason for maximum decrease in the AChE activity in pre-clitellar followed by other regions may be due to the fact that brain/ganglionic structures (dorsal brain) are situated in the prostomium of earthworm \[[@bib0215],[@bib0220]\]. The difference in the level of inhibition of these pesticides may be due to their different mechanism of action. Chlorpyrifos, an organophosphate inhibits the enzyme activity by covalently phosphorylating the serine residue within active site group. The irreversible inhibition of AChE results in the excess accumulation of acetylcholine causing hyperactivity and consequently impairment of neuronal and muscular system \[[@bib0225]\]. However, pyrethroid (cypermethrin) blocks sodium channels and affect the function of GABA-receptors of nerve filaments resulting into the inhibition of AChE activity \[[@bib0230],[@bib0235]\]. The other reason for difference in level of AChE inhibition might be due to accumulation or interaction of pesticide and their metabolite in different organs \[[@bib0240],[@bib0245]\]. Effect of treatment of combined pesticide on AChE activity is more pronounced than the single pesticide treatment \[[@bib0195]\]. Our results corroborate the earlier similar findings \[[@bib0250],[@bib0255]\].Fig. 2For chlorpyrifos treated group, data represents mean ± SEM. \*\* p \< 0.01 control *vs* 5% (8.4 ng/cm^2^) and 10% (16.8 ng/cm^2^.) of LC~50~. For cypermethrin exposed group, data represents mean ± SEM. \* p \< 0.05 control *vs* 5% (1.0 ng/cm^2^) and 10% (2.0 ng/cm^2^) of LC~50~, \*\* p \< 0.01 control *vs* 5% and 10% of LC~50~ and for the earthworms exposed to combination of pesticide, data represents mean ± SEM \* p \< 0.05 control *vs* 5% and 10% of LC~50~, \*\* p \< 0.01 control *vs* 5% (3.3 ng/cm^2^) and 10% (6.6 ng/cm^2^) of LC~50~. Here, PC: Pre-clitellar, C: Clitellar and PtC: Post- clitellar regions of earthworm.Fig. 2

### 3.3.2. Lipid peroxidation (LPO) {#sec0135}

The content of MDA in pesticides (chlorpyrifos, cypermethrin and their combination) exposed earthworms was used to assess the impact on lipid peroxidation. Level of MDA (nM MDA released/min/mg protein) in different body segments (Pre-Clitellar, Clitellar and Post-Clitellar) of earthworm upon pesticide- chlorpyrifos, cypermethrin and their combination exposure are shown in [Fig. 3](#fig0015){ref-type="fig"}. A dose dependent elevation in the level of LPO was observed in different body segments of earthworm (pre- clitellar, clitellar and post clitellar) after 48 h pesticides exposure. The maximum increase in lipid peroxidation was recorded at 10% of LC~50~ for 48 h in combination of pesticides followed by cypermethrin and chlorpyrifos individually/separately in post clitellar, pre- clitellar and clitellar regions, respectively. The results reflect the involvement of organ/tissue in detoxification of free radicals overproduced via activation of cytochrome P450 isozyme in pesticides exposed earthworms. This may further results in damage of cellular/ lipid membranes. Hence, MDA may be used as an indicator of pesticide pollution in earthworm as reports of earlier researchers also corroborates it \[[@bib0260],[@bib0265]\].Fig. 3For chlorpyrifos treated group, data represents mean ± SEM. \*\* p \< 0.01 control *vs* 5% (8.4 ng/cm^2^) and 10% (16.8 ng/cm^2^.) of LC~50~. For cypermethrin exposed group, data represents mean ± SEM. \* p \< 0.05 control *vs* 5% (1.0 ng/cm^2^) and 10% (2.0 ng/cm^2^) of LC~50~, \*\* p \< 0.01 control *vs* 5% and 10% of LC~50~ and for the earthworms exposed to combination of pesticide, data represents mean ± SEM \* p \< 0.05 control *vs* 5% and 10% of LC~50~, \*\* p \< 0.01 control *vs* 5% (3.3 ng/cm^2^) and 10% (6.6 ng/cm^2^) of LC~50~. Here, PC: Pre-clitellar, C: Clitellar and PtC: Post- clitellar regions of earthworm.Fig. 3

### 3.3.3. Effect of pesticides on antioxidant enzymes {#sec0140}

Pesticides induce oxidative stress in earthworm either by increased production of free radicals or by affecting the antioxidant defense mechanism such as change in rate of detoxification of the xenobiotics (pesticides) and scavenging enzyme activity \[[@bib0270]\]. The oxidative stress plays an important role in toxicity of different groups of pesticide such as organophosphorous \[[@bib0275]\] and pyrethroids \[[@bib0280],[@bib0255],[@bib0285]\]. α- cypermethrin induces increase in oxidative stress level significantly in rats in dose dependent manner \[[@bib0290]\]. Chlorpyrifos in combination with cypermethrin may have synergistic cumulative effect which is confirmed by the result of co- exposed groups \[[@bib0295]\].

Superoxide dismutase (SOD), an important enzyme of cellular anti-oxidative defense system plays crucial role in the dismutation of free hydroxyl radical resulting in the formation of hydrogen peroxide (H~2~O~2~). The specific activity of SOD in the different region (pre- clitellar, clitellar and post clitellar) of earthworms exposed to pesticides (chlorpyrifos, cypermethrin and their combination) exhibited significant increase as compared to control for 48 h of exposure. Specific activity of SOD (U/min/mg protein)) in different body segments (Pre-Clitellar, Clitellar and Post-Clitellar) of earthworm upon pesticide- chlorpyrifos, cypermethrin and their combination exposure are shown in [Fig. 4](#fig0020){ref-type="fig"}. The increase in the SOD activity was more pronounced in case of exposure to combination of pesticides in comparison to exposure of individual pesticides in a concentration dependent manner. So, the maximum elevation in the SOD activity was recorded in post- clitellar region followed by pre- clitellar and clitellar region at higher concentration (10% of LC~50~) of combined, chlorpyrifos and cypermethrin, respectively. Thus, the results show that the combination of pesticides may have synergistic cummulative effect on SOD activity over individual exposure. The increase in the SOD activity indicates that the exposure of pesticides to earthworm at higher concentration induce the overproduction of reactive oxygen species (ROS) and the difference in the chemical structure and in functional group as well as mechanism of action between the two groups of pesticide namely, organophosphates and pyrethroids may be responsible for the difference in the SOD activity. The organophosphorous particularly, chlorpyrifos is easily hydrolysable to its primary metabolite, TCP (3, 5, 6 -- trichloro- 2 - pyridinol). The toxic potential of TCP is higher than that of chlorpyrifos which is possibly supposed to increase the level of ROS production. This in turn causes an increase in the activity of SOD more in combined case as well as chlorpyrifos exposure than cypermethrin \[[@bib0300],[@bib0305],[@bib0175],[@bib0310]\].Fig. 4For chlorpyrifos treated group, data represents mean ± SEM. \*\* p \< 0.01 control *vs* 5% (8.4 ng/cm^2^) and 10% (16.8 ng/cm^2^.) of LC~50~. For cypermethrin exposed group, data represents mean ± SEM. \* p \< 0.05 control *vs* 5% (1.0 ng/cm^2^) and 10% (2.0 ng/cm^2^) of LC~50~, \*\* p \< 0.01 control *vs* 5% and 10% of LC~50~ and for the earthworms exposed to combination of pesticide, data represents mean ± SEM \* p \< 0.05 control *vs* 5% and 10% of LC~50~, \*\* p \< 0.01 control *vs* 5% (3.3 ng/cm^2^) and 10% (6.6 ng/cm^2^) of LC~50~. Here, PC: Pre-clitellar, C: Clitellar and PtC: Post- clitellar regions of earthworm.Fig. 4

Catalase (CAT) is the peroxisomal enzyme which is responsible for scavenging the major metabolite, hydrogen peroxide (H~2~O~2~) produced from SOD activity \[[@bib0315],[@bib0320]\]. Thus, H~2~O~2~ is further detoxified by CAT into molecular oxygen and water. In the present study, the changes observed in the CAT activity were in accordance with the SOD activity following 48 h exposure of pesticides. Specific activity of Catalase (nM H~2~O~2~ depleted/min/mg protein) in different body segments (Pre-Clitellar, Clitellar and Post-Clitellar) of earthworm upon pesticide- chlorpyrifos, cypermethrin and their combination exposure are shown in [Fig. 5](#fig0025){ref-type="fig"}. A significant increase in the CAT activity was observed in concentration dependent manner in different regions of body (pre- clitellar, clitellar and post-clitellar) exposed to pesticide for 48 h. The elevation in the CAT activity was greater in co-exposed pesticide group followed by a higher concentration of chlorpyrifos and cypermethrin exposure (10% of LC~50~). This may be due to the increase in the level of ROS at higher concentration which may in turn increase the SOD activity followed by CAT. The enhanced activity of CAT attributed to an increase in the substrate concentration resulting in the maintenance of the H~2~O~2~ level and this is an adaptive mechanism against oxidative damage \[[@bib0265]\]. Thus, these anti-oxidative enzymes are involved in protection of cells against the adverse effects of the ROS produced due to higher concentration of the pesticide. Our results corroborate earlier reports \[[@bib0325],[@bib0330],[@bib0080],[@bib0175]\].Fig. 5For chlorpyrifos treated group, data represents mean ± SEM. \*\* p \< 0.01 control *vs* 5% (8.4 ng/cm^2^) and 10% (16.8 ng/cm^2^.) of LC~50~. For cypermethrin exposed group, data represents mean ± SEM. \* p \< 0.05 control *vs* 5% (1.0 ng/cm^2^) and 10% (2.0 ng/cm^2^) of LC~50~, \*\* p \< 0.01 control *vs* 5% and 10% of LC~50~ and for the earthworms exposed to combination of pesticide, data represents mean ± SEM \* p \< 0.05 control *vs* 5% and 10% of LC~50~, \*\* p \< 0.01 control *vs* 5% (3.3 ng/cm^2^) and 10% (6.6 ng/cm^2^) of LC~50~. Here, PC: Pre-clitellar, C: Clitellar and PtC: Post- clitellar regions of earthworm.Fig. 5

Glutathione -S- Transferase (GST) is a phase-II biotransforming enzyme is responsible for conversion of toxic compound (xenobiotics) into non-toxic in conjugation with an electrophilic substrate namely, glutathione \[[@bib0335]\]. Therefore, the increased level of GST may result into better protection against toxic effects of pesticides and serve as biomarker for pesticide pollution \[[@bib0340]\]. The activity of GST in 48 h exposed earthworms increased in a dose dependent manner. Specific activity of GST (nM CDNB Conjugates/min/mg protein) in different body segments (Pre-Clitellar, Clitellar and Post-Clitellar) of earthworm upon pesticide- chlorpyrifos, cypermethrin and their combination exposure are shown in [Fig. 6](#fig0030){ref-type="fig"}. The GST activity also increased significantly in the various segments of the body of earthworm exposed to pesticide (chlorpyrifos, cypermethrin and their combination). The maximum increase was recorded in post-clitellar followed by pre- clitellar and clitellar regions of body of earthworms at 10% of LC~50~ which was further followed by 5% of LC~50~ as compared to control to mixture of pesticide, chlorpyrifos and cypermethrin, respectively in a dose dependent manner. The elevation in the GST activity may be due to increase in concentration of pesticide in the respective regions of body of earthworm which is transformed into non- toxic compounds with the help of enzyme, GST.Fig. 6For chlorpyrifos treated group, data represents mean ± SEM. \*\* p \< 0.01 control *vs* 5% (8.4 ng/cm^2^) and 10% (16.8 ng/cm^2^.) of LC~50~. For cypermethrin exposed group, data represents mean ± SEM. \* p \< 0.05 control *vs* 5% (1.0 ng/cm^2^) and 10% (2.0 ng/cm^2^) of LC~50~, \*\* p \< 0.01 control *vs* 5% and 10% of LC~50~ and for the earthworms exposed to combination of pesticide, data represents mean ± SEM \* p \< 0.05 control *vs* 5% and 10% of LC~50~, \*\* p \< 0.01 control *vs* 5% (3.3 ng/cm^2^) and 10% (6.6 ng/cm^2^) of LC~50~. Here, PC: Pre-clitellar, C: Clitellar and PtC: Post- clitellar regions of earthworm.Fig. 6

Reduced glutathione (GSH) is an electrophilic substance used in the process of biotransformation of pesticide into a non- toxic substance by GST enzyme. A marked decrease in the level of GSH was recorded in earthworm with the increase in the concentration of pesticide. Levels of GSH (nM GSH consumed/min/mg protein) in different body segments (Pre- Clitellar, Clitellar and Post-Clitellar) of earthworm upon pesticide- chlorpyrifos, cypermethrin and their combination exposure are shown in [Fig. 7](#fig0035){ref-type="fig"}. The maximum decline was observed for combined pesticide followed by chlorpyrifos and cypermethrin in post-clitellar, pre- clitellar and clitellar regions of earthworm exposed for 48 h in a concentration dependent manner. Maximum decrease in the GSH level was recorded in 10% of LC~50~ exposed group followed by 5% of LC~50~ exposed group in comparison to control. Our result also corroborates with the other researchers \[[@bib0345], [@bib0350], [@bib0355], [@bib0360]\].Fig. 7For chlorpyrifos treated group, data represents mean ± SEM. \*\* p \< 0.01 control *vs* 5% (8.4 ng/cm^2^) and 10% (16.8 ng/cm^2^.) of LC~50~. For cypermethrin exposed group, data represents mean ± SEM. \* p \< 0.05 control *vs* 5% (1.0 ng/cm^2^) and 10% (2.0 ng/cm^2^) of LC~50~, \*\* p \< 0.01 control *vs* 5% and 10% of LC~50~ and for the earthworms exposed to combination of pesticide, data represents mean ± SEM \* p \< 0.05 control *vs* 5% and 10% of LC~50~, \*\* p \< 0.01 control *vs* 5% (3.3 ng/cm^2^) and 10% (6.6 ng/cm^2^) of LC~50~. Here, PC: Pre-clitellar, C: Clitellar and PtC: Post- clitellar regions of earthworm.Fig. 7

4. Conclusion {#sec0145}
=============

In natural environment, various pesticides are usually present in a mixed form and therefore their impact on the organisms may be synergistic, synergistic cumulative or antagonistic depending on their chemical nature, structure and mechanism of action. Such condition poses a serious threat to the life of these organisms. In the present study, these pesticides have altered the activity of AChE, oxidative stress related enzymes, LPO, GSH content and GST activity along with the morphological changes. This indicates that the toxic potential of these pesticides for the tested organism is greater when present in mixture than in individual. The effects observed were tissue specific and in dose dependent manner. Such changes in pesticide contaminated environment may adversely affect the survival of an eco-friendly non target organism, earthworm.
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[^1]: Control group (theoretical spontaneous response rate) = 0.000.

[^2]: Control group (theoretical spontaneous response rate) = 0.000.

[^3]: Control group (theoretical spontaneous response rate) = 0.000.

[^4]: (Chlorpyrifos + Cypermethrin).
